On the basis of circular dichroism (CD) data, we have now identified six different conformational states (other than the duplex) of poly
INTRODUCTION
The current explosion of DNA sequence information has resulted in increasing evidence that simple, non-coding sequences of nucleic acids are Involved in genetic control processes, although the mechanisms by which these sequences function are poorly understood. Polypurine^polypyrimidine stretches frequently flank transcribed eukaryotic genes and have been found to be hypersensitive to DNase I and single-strand-specific nucleases.^"° Hypersensltivlty to these nucleases is induced by supercoiling and is also pH-dependent.
The reason for this hypersensitlvity is not known, although an altered structure in the polypurine«polypyriniidine region seems most likely. ^"Ŝ everal specific models have been proposed for such pH-dependent nuclease- profiles, SI nuclease digestion data, buoyant density measurements, and CD studies were inconsistent with the tetraplex model but were consistent with a model in which the duplex disproportionated at low pH to give a triple-
The triplex required protonation of cytosine, but the polypurine self-complex was thought to be independent of pH since its Tm was unaffected by raising the pH from 5 to 8. between pH 8 and 2.5. Our data showed six different structural rearrangements for this polymer (at 0.01M Na + ) as the pH was lowered to 2.5 and then raised to 8. The acid-induced rearrangements included the triplex identified by Lee e_£ fll-,12 the loop-out structure of the polypyrimidine strand described by Gray e_£ fil.,? and a self-complex of the polypurine strand that was pHdependent.
MATERIALS AND METHODS

Poly[d(A-G)-d(C-T)] was synthesized and the poly[d(C-T)
] strand was iso-lated as previously described. 13.14 ^g poiymej-g W ere dialyzed first against 0.01M EDTA, 0.5M NaCl, and 0.01M Na + (phosphate), second against 0.01M NaCl and 0.01M Na + (phosphate), and finally against 0.01M Na+(phosphate), all at pH 7 or 8. The oligomer d(A-G)3Q was synthesized by the phosphite triester method using a Beckman Model 1 DNA synthesizer. It was purified on a 20% polyacrylamide gel, electroeluted, and ethanol-precipitated. The oligomer was then resuspended in 0.01M Na + (phosphate), pH 7.8. For one experiment, a mixture of d(A-G) n (where 10 < n < 30) was dialyzed as described for the polymers.
were 5700 and 7500 L'mol~l'cm~l, respectively. 15 • 12 The extinction coefficient for d(A-G)3Q was assumed to be 9500 L«mol"l«cm"l, the same as for The ratio of the magnitudes of the peaks at 192.5nm
and 290.5nm was -2.05 ±0.03, close to the value of -2.00 obtained by Chen and Yang. 16 CD spectra were measured using a spectral band width of lnm, a time constant of Is, and a scan speed of lOnm/min. Digitized data were obtained every O.lnm with a Jasco DP-500N data processor, the data were smoothed by a sliding 7-point third order polynomial, and every tenth point was transferred to a Hewlett Packard 9816S computer. The data were then smoothed by a sliding 13-point quadratic-cubic function.17 CD spectra per mole of nucleotide monomer are plotted as e-^ -£R in units of L»mol"l«cm"l. Sample temperatures during the optical measurements were controlled using a Neslab programmable circulating water bath. The reported temperatures are accurate to within ±0.5*C.
Unless otherwise specified, the pH titratlon of samples was carried out at 20'C in a starting buffer of 0.01M Na + (phosphate). The samples were first centrifuged for 15 min at 15,600 g in an Eppendorf mlcrocentrifuge. The pH was then lowered by the addition of small aliquots of dilute HC1 and was raised with small aliquots of NaOH solutions. Spectra were corrected for dilution by HC1 and NaOH, which was never more than 10%. The sample pH was measured directly before and after each set of optical measurements, using a
Beckman Century SS-1 pH meter and a Beckman 5mm Futura Combination electrode.
The reported pH values are accurate to within ±0.05 pH unit.
To determine the extent of depurinatlon during the acid and back tltra- 
triplex. The next three paragraphs describe the spectra of these polymer conformations that were subsequently found to form during the acid-induced
CD of the Polvfd(C
Various amounts of single-stranded poly[d(C-T)] were added to the duplex
. Three days later, the pH of the samples was lowered to 6, and after three more days the pH was lowered to 5.
CD measurements made during these Intervals showed no significant changes at a given pH. The mixing curve at pH 5, shown in the inset to Lee e_£ aJL. 12 for the polymeric self-complex (at 0.2M NaCl, 50mM Na + (acetate) , pH 5), although the CD bands were less in magnitude for the oligomeric selfcomplex (by 13% at 260nm and by 44% at 240nm). Lee £i al- 12 concluded that the polypurlne self-complex was not pH-dependent since its Tn was unaffected by raising the pH from 5 to 8. In a separate experiment, we increased the Na were lost, most likely due to the disruption of both the poly[d(A-G)] selfcomplex and the triplex. The UV absorption data showed increasing hyperchro-micity especially between 300 and 250nm, with greater than 30% hyperchromicity at 260nn (data not shown). These UV absorption and CD spectral changes indicated that at pH 2.5 the polymer had denatured into the protonated single strands.
The fourth transition was observed as the pH was increased from 2.5 to 3.4 ( Figure 4D ) . During this transition, the positive CD at 260nm increased with a concomitant increase in the negative CD at 240nm. These changes were evidence for the formation of some poly[d(A-G)] self-complex (Figure 2) . However, the absence of a negative CD band at 220nm suggested that the triplex had not formed to any significant extent. 
Spectral features of the duplex poly[d(A-G)«d(C-T)]
were generally present for samples as the pH was raised from 6.2 to 8 (data not shown). As will be shown below, the triplex was also present as a component of neutralized samples that had been exposed to low pH. The triplex present in these samples was disrupted and more duplex was formed when the samples were heated to 80*C for 30 min, cooled, and allowed to reanneal at 4*C overnight; these changes were evidenced by an increase in the positive CD above 255nm and a loss of the negative 22Onm CD band (not shown). (1) the formation of the triplex and its presence down to pH 3.5 and (2) the release of a significant amount of the polypurine strand, which formed its own self-conplex below pH 5.5. Below pH 3, the denatured single strands were predominant.
Analysis of samples at increasing PH. An analysis similar to that shown in the standard deviations (denoted by the error bars) for these two components between pH 6 and 8. In summary, the back (alkali) tltration was characterized by (1) rearrangements involving the self-conplexes of the individual strands up to a pH of about 6 and (2) the absence of the triplex below pH 6 due to the sequestering of the Individual strands into their respective acid self-complexes. The structural rearrangements that appeared during the back titration were not simply a reversal of those that occurred during the acid tltration. (phosphate) showed no significant differences (data not shown) and were similar to the one shown in Figure 8 for the polymer at pH 8, 0.1M Na + (phosphate). However, the CD spectra for the polymer dialyzed into buffers at pH 7 had a 22Onm negative band that increased and a CD above 255nm that decreased with decreasing ionic strength ( Figure 8 ).
These spectral changes were similar to those observed during the first spec- forms a triplex at pH values as high as 8, but they did not detect the formation of the triplex in the unmethylated polymer at pH values above 6.
At the higher salt concentration of 0.1M Na + (0.01M Na + (phosphate) + 0.09M NaCl), no extensive denaturatlon to the single-strands was observed as the pH was lowered from 8 to 2.5. CD spectral changes (not shown) were consistent with there being three transitions: (1) the disproportionation of the duplex to the triplex plus free polypurine, (2) the formation of a polypurine self-complex, and (3) the disruption of the polypurine self-complex while the triplex was still stable at pH 2.5. On raising the pH back to 8, the CD spectra indicated that the polymer went through the same three transitions it did upon lowering the pH, although the presence of a negative 22Onm
CD band was evidence for the presence of the triplex even above neutral pH.
At the higher Na + concentration (0.1M Na + ), the positive, long-wavelength CD band characteristic of the protonated polypyrimldine self-complex was not 
